The Illinois River is a major contributor of nitrate-N to the Mississippi River and the Gulf of Mexico, where nitrate is a leading cause of summertime benthic hypoxia. Corn-soybean production on tile-drained land is a leading source of nitrate-N in this river system, in addition to municipal wastewater discharge. We calculated annual nitrate-N loads in the Illinois River at Valley City from 1976 to 2014 by linear interpolation. Although there was not a significant trend in annual loads during the entire study period, there was a significant downward trend in flow-weighted nitrate-N concentration after 1990 despite high concentrations in 2013 after the 2012 drought. Multivariate regression analysis revealed a statistically significant association between annual flow-weighted nitrate-N concentration and cumulative residual agricultural N inputs to the watershed during a 6-yr window. This suggests that declines in flow-weighted nitrate-N concentration may reflect increasing N use efficiency in agriculture and a depletion of legacy N stored in the watershed. The watershed appears to have transitioned from a state of stationarity in nitrate concentration to nonstationarity. The average annual nitrate-N load at Valley City from 2010 to 2014 was 10% less than the 1980-1996 average load, indicating recent progress toward Illinois' nutrient loss reduction milestone of 15% reduction by 2025 and ultimate target of 45% reduction.
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Illinois River Nitrate-Nitrogen Concentrations and Loads: Long-term Variation and Association with Watershed Nitrogen Inputs
Gregory F. McIsaac,* Mark B. David, and George Z. Gertner T o address the problem of summertime benthic hypoxia in the coastal waters in the northern Gulf of Mexico, the USEPA identified a goal of reducing N and P loads in the Mississippi River by 45% (USEPA, 2007) . Several states have developed strategies to meet this goal (e.g., IEPA, 2015) . Because of the magnitude of the problem and the costs of making large nutrient load reductions, the target date for reducing the hypoxic zone was recently extended from 2015 to 2035, with an intermediate goal of a 20% reduction in nutrient loads by 2025 (USEPA, 2015) .
Assessing progress toward these goals will be challenging for several reasons. Annual variation in nutrient loads can be large due to variation in precipitation and stream flow, which can obscure changes due to other factors, such as changes in land use or nutrient management (Hirsch et al., 2010) . Groundwater transport of nutrients may result in long lag times between changes in nutrient management and riverine loads (Basu et al., 2010; Tesoriero et al., 2013) . Basu et al. (2010) examined the long-term N and P concentrations and loads in 21 catchments in the Mississippi River Basin (MRB) and described the dominant pattern as "stationarity" of annual flow-weighted concentrations, which they attributed to internal storage of nutrients. Using the recently developed method of weighted regression on time, discharge, and season (WRTDS), Sprague et al. (2011) examined nitrate export from the MRB and seven subwatersheds and reported a 10% increase in flow-normalized concentrations and a 9% increase in flow-normalized flux to the Gulf of Mexico from 1980 to 2008. There was little change in five of the subwatersheds, including the Illinois River at Valley City. The two exceptions were the Mississippi River at Clinton and the Missouri River at Herman, where flow-normalized nitrate concentrations and loads had increased more than 55%. Murphy et al. (2013) examined nitrate concentration and load trends of the same eight locations as Sprague et al. (2011) and reported somewhat larger increases in flow-normalized nitrate concentration (17% increase) and export (14% increase) at the outlet of the MRB from 1980 to 2010 as well as large increases in the flow-normalized concentrations (≥70%) and loads (≥45%) for the Mississippi at Clinton and the Missouri at Herman. However, they also reported a 14% decline in annual flow-normalized concentration and flux for the Illinois River at Valley City. A slightly smaller decline was also reported for the Iowa River at Wapello, IA, but when spring nitrate flux was examined, only the Illinois River at Valley City registered a decline (15%). Murphy et al. (2013) also reported a 25% decline in annual flow-normalized nitrate-N flux in the Illinois River at Valley City between 2000 and 2010 and suggested that the decline in nitrate-N may have been related to improved conservation in agricultural N use and/or completion of a system to capture and treat combined sewer overflows in Chicago. Using nitrate-N concentrations measured by the Illinois Environmental Protection Agency (IEPA), Markus et al. (2014) reported similar declines in flow-normalized nitrate-N concentrations and flux but reported no trend in the actual (not flow-normalized) nitrate-N flux. Markus et al. (2014) recommended caution in interpreting WRTDS flow-normalized concentrations and loads because the method is sensitive to a series of years with unusually high flow that occurred toward the end of the record. Markus et al. (2014) compared several methods of estimating loads and flow-weighted concentrations and reported significant downward trends in flow-weighted concentrations from 1975 to 2010, although the statistical significance of the trends depended on the method used to estimate loads. Overall, there appeared to be an increase in concentrations from 1975 to the early 1990s, followed by a decrease to 2010.
In addition to detecting whether trends in riverine nutrient loads have occurred, the agencies responsible for water quality policy, management, and regulation need to identify the causes for the trends or lack of trends to develop appropriate responses. Identifying the causes can be difficult in watersheds with multiple nutrient sources, such as the Illinois River, which receives large quantities of both point and nonpoint source inputs. None of the studies analyzing water quality trends mentioned in the preceding paragraphs attempted to quantify changes in nutrient use and cycling in the watersheds. Such studies are needed to understand the legacy stores and lag times between changes in nutrient management on the land and changes in riverine export (Basu et al., 2010) . Here, we present such a study focused on N and the Illinois River Basin.
The Illinois River is a disproportionate contributor of nitrate-N to the Mississippi River and the Gulf of Mexico (David and Gentry, 2000) . From 1980 to 2014, the Illinois River provided 3.5% of the water delivered to the Gulf and about 11% of the nitrate load. The primary source of Illinois River nitrate is tiledrained cropland, but municipal wastewater from the Chicago metropolitan area also contributes about 12.5% (David et al., 2015) .
Previous research in tile-drained watersheds has demonstrated that the quantity of nitrate-N carried by streams and rivers is correlated with stream flow, fertilizer application amount and timing, and crop yields (Gentry et al., 2014; Jones et al., 2016) . Droughts that reduce corn yields can leave considerable N fertilizer in the soil that is susceptible to loss through drain tiles in the subsequent wet season (Lucey and Goolsby, 1993) . After the 2012 drought, unusually high nitrate-N concentrations were observed in Illinois and Iowa (Gentry et al., 2014; Jones et al., 2016) . Murphy et al. (2013) and Markus et al. (2014) did not include these years in their trend analyses, and doing so in this study may lead to different conclusions about long-term trends. Understanding the relationships among riverine nitrate flux, weather, and crop production variables can aid interpretation of trends or lack of trends and can suggest reasons for progress, or lack of progress, toward meeting nutrient loss reduction goals.
The objectives of this study were (i) to examine annual variation and trends in nitrate-N flow-weighted concentrations and loads the Illinois River at Valley City during 1976-2014 and (ii) to investigate statistical associations between nitrate-N concentrations and loads and the major point and nonpoint sources of N to the watershed.
Materials and Methods

Watershed Description
The Illinois River above Valley City drains 69,264 km 2 covering central Illinois, northwestern Indiana, and southeastern Wisconsin. Approximately 61% of the land area was classified as cropland in the late 1990s (Goolsby et al., 1999) . Much of this land has artificial subsurface "tile" drainage and is planted to a corn-soybean rotation (David et al., 2010) . The upper portion of the Illinois River watershed is heavily urbanized, and the river receives wastewater discharge from the Chicago metropolitan area as well as fresh water diverted from Lake Michigan through the Chicago Sanitary and Ship Canal.
Data
Daily water discharge and 517 discrete nitrate-N concentration observations (parameter codes 00630 and 00631) for the Illinois River at Valley City were obtained from the US Geological Survey National Water Information System (station 05586100). Additionally, 339 nitrate-N concentration observations were obtained from the IEPA through the EPA STORET system and through personal communication with IEPA staff. There was considerable duplication in the sampling dates and reported concentrations in the two data sources. Concentrations reported on the same date by the different agencies were averaged. A total of 631 sampling dates were used in the analysis starting in December 1974 and ending in November 2014. Samples were collected an average of 16 d per water year, ranging from 7 in 1985 to 39 in 1991. Before 1991, samples were generally collected every 4 to 6 wk. From 1991 through 2014, samples were generally collected every 4 wk, although there were occasionally months without sampling, as well as weekly sampling during the summers of 1991 and 1993. Sampling dates and river discharge are illustrated in Supplemental Fig. S1 .
Annual nitrate-N loads were calculated by linear interpolation: concentrations between sampling dates were assumed to vary linearly with time. We considered using weighted regressions on time, discharge, and season (WRTDS) but determined that it was inappropriate. Hirsch and De Cicco (2015) state that flow normalization in the WRTDS method should not be used if river flows are not "substantially stationary" over the study period. The 5-yr average discharge for the Illinois River at Valley City during 2007 to 2011 was the greatest on record since 1939. Furthermore, in developing the WRTDS method, Hirsch et al. (2010) assumed that changes in concentrations with time and discharge would be smooth and gradual. However, sudden changes in nitrate-N concentration can occur in agricultural watersheds after droughts (Lucey and Goolsby, 1993) . Pellerin et al. (2014) recently demonstrated that Mississippi River monthly nitrate-N loads calculated from linear interpolation of concentrations between sampling times could be more accurate than loads estimated with WRTDS. Finally, WRTDS-estimated concentrations and loads for a given year are based on a multiple year window, both forward and backward in time. This would confound attempts to establish causal linkages between changes in the watershed and subsequent changes in nitrate-N loads. Stenback et al. (2011) demonstrated that the LOADEST method for estimating river loads, with the adjusted maximum likelihood estimator procedure, had a tendency to produce estimates of nitrate load that were at least 25% greater than the observed nitrate load for 33% of the rivers examined in Iowa. More recently, Williams et al. (2015) examined six different methods of estimating nitrate loads for small (>4 km 2 ) tile-drained watersheds in Ohio and in Ontario, Canada, and concluded that linear interpolation provided the best balance between accuracy and precision for estimating annual nutrient loads.
Daily nitrate-N discharges from the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) were available from 1983 to 2014 (MWRDGC, 2015) , and we aggregated these to annual values. Although this is not the only wastewater discharge in the basin, it is the largest single source of urban wastewater and the only source with available discharge records dating back to 1983. Our analysis assumes that nitrate-N discharged from other urban areas was highly correlated with the discharge from the MWRDGC.
Annual residual agricultural N was estimated from crop and livestock production statistics from USDA and fertilizer sales information. We followed the methods described in David et al. (2010) using the same assumptions and crop coefficients, which are briefly summarized here. For each county in the Illinois River Basin, we obtained annual corn, soybean, and wheat acreage and yields from the USDA National Agriculture Statistics Service (USDA-NASS, 2015) and converted crop yields to harvested N (David et al., 2010) . For corn, we used a variable grain N concentration based on an estimated protein concentration of 10% (1.6% N) before 1985, which we estimated then linearly declined to 8.5% by 2006 (1.36% N) and finished at 8.0% in 2014 (1.3% N). Annual cattle and hog inventories for each year and country were also obtained and converted to manure estimates using 0.16 and 0.027 kg N d -1 , respectively (David et al., 2010) . Biological N 2 fixation by hay, alfalfa, and soybean was estimated using annual county-level harvest data, again using coefficients and equations reported in David et al. (2010) . The value for alfalfa fixation was 218 kg N ha -1 yr -1 , and the value for other hay fixation was 116 kg N ha -1 yr -1 . For soybean fixation, we followed David et al. (2010) and assumed fixation increased from 50% of aboveground N in 1985 to 60% by 2006 and to 63% in 2014. For fertilizer inputs, we used statewide N sales per hectare of land rather than county-level data from Illinois Commercial Fertilizer Sales reports (Illinois Department of Agriculture, 2015) and assumed that the Illinois River Basin had the same level of fertilizer application as the rest of the state. This is because more recent county-level sales were not available and because county-level sales are not as robust as state-level values. An annual residual agricultural N (RAN) was calculated as fertilizer N + legume N fixation -N harvested adjusted for manure N applied. To estimate the accumulation and depletion of residual N over multiple years, we also calculated multiple-year cumulative RAN (CRAN X ), which included prior year riverine nitrate-N losses as follows:
where X is the number of years included in the calculation, and t is the current year. Previous research has demonstrated that fertilizer application timing influences nitrate-N losses to tile drains (Randall and Mulla, 2001 ). However, we did not have data on timing of N fertilizer application. Gentry et al. (2014) noted that fall N fertilizer applications in east-central Illinois were likely to have been reduced when harvest and post-harvest field operations (e.g., N fertilizer application) were delayed by heavy rainfall in October and November in 2009. These conditions produced unusually high river discharge in November. High rainfall in October typically recharges soil moisture without producing much increase in stream discharge. Thus, we used November river discharge as a proxy measure for reduced fall fertilizer application.
Statistical Analysis
To identify factors that might explain annual variations in annual nitrate-N loads and flow-weighted concentrations, we used an all-subsets approach to multiple linear regression with annual nitrate-N concentrations and load as dependent variables and the following candidate independent variables: annual river discharge; the previous year's annual discharge; November discharge; RAN lagged 1 yr; CRAN 2 , CRAN 3 , CRAN 4 , CRAN 5 , CRAN 6 , and CRAN 7 (as defined in Eq.
[1]); and the annual nitrate-N discharge reported by the MWRDGC. Because the MWRDGC discharge data were only available from 1983 to 2014, the regression analysis was limited to that time period.
Mallow's Cp and the PRESS Statistic were used to identify the "best" models (Montgomery et al., 2006) . SAS Proc Reg was used to calculate Cp values for each combination of dependent variables. The regression equations with Cp values within about 0.25 units of the number of estimated parameters in the model (including the intercept) were considered for additional analysis. The PRESS statistic was calculated for these models, and the equations with the lowest PRESS statistic were subject to further diagnostic testing for normal distribution of residuals, variance inflation factors less than 5, and autocorrelation of the residuals. The Durbin-Watson approach was used to test for autocorrelation of residuals.
The significance of linear trends with time was tested with linear regression and with the Kendall-Tau procedure (Kendall and Gibbons, 1990) .
Results
There was considerable variation and no significant linear trend in the annual nitrate-N flux over the entire 1976-2014 period (Fig. 1) These trends in nitrate-N flux coincide with similar trends in river discharge (Fig. 2) . River discharge declined significantly from 1983 to 1989 (p < 0.01) and from 1993 to 2006 (p < 0.02) as determined by linear regression and Kendall-Tau. River discharge increased significantly from 2006 to 2010 (p = 0.02 by linear regression; p = 0.086 by Kendall-Tau). The 5-yr average discharge from 2007 to 2011 was the greatest since 1939. For 1976 to 2014, the R 2 value for the linear relationship between nitrate load and water discharge was 0.80, which is the lower limit for indicating stationarity (Basu et al., 2010) . For 1976 to 1995, the R 2 was 0.88, and it declined to 0.73 from 1996 to 2014, indicating the river system has transitioned from stationarity to nonstationarity.
Annual flow-weighted nitrate-N concentrations (annual load divided by annual discharge) varied between 2.86 and 6 mg N L -1 (Fig. 3) . There was a significant downward trend (p < 0.01 by both linear regression and Kendall-Tau) in flow-weighted nitrate-N concentrations from 1990 to 2014, with the 2014 concentration being the lowest on record and 2013 being the fifth highest on record. Concentrations were not correlated with annual discharge.
Multivariate Regression Results with Flow-Weighted Nitrate-N Concentration
The best model for annual flow-weighted concentration included the variables CRAN 6 and MWRDGC nitrate-N discharge (Table 1) and accounted for about 34% of the variation, with each variable providing similar explanatory power. Variance inflation factors were 1.6 or less, and there was no significant autocorrelation of residuals (p < 0.01) or temporal trend in the residuals. Observed flow-weighted nitrate-N concentrations, model estimates, and the model residuals are presented graphically in Supplemental Fig. S2 . The hypothesis that the residuals fit a normal distribution could not be rejected at p > 0.15. When the model-estimated concentrations were used to estimate annual loads, the result accounted for 85% of the variation in the loads calculated from measured concentrations. 
Regression Results with Annual Nitrate-N Load
When annual nitrate-N load was the dependent variable, the best model selected accounted for 86% of the variation in annual loads and included the following dependent variables: annual average discharge, November average discharge, CRAN 6 , and MWRDGC nitrate-N discharge (Table 2 ). Variance inflation factors were 2.0 or less, and there was no significant autocorrelation of residuals (p < 0.01) or temporal trend in the residuals. The hypothesis that the residuals fit a normal distribution could not be rejected at p > 0.15. Annual discharge accounted for 78% of the variation in load, CRAN 6 and November discharge each accounted for 3.6%, and MWRDGC nitrate-N discharge accounted for about 1%. 
Residual Agricultural N and Metropolitan Water Reclamation District of Greater Chicago Nitrate-N Discharges
During the 1980s and early 1990s, the annual RAN averaged about 22 kg N ha -1 , with a peak of 43 kg N ha -1 for the drought year of 1988 (Fig. 4) . From 1998 through 2010, the RAN was consistently less than 20 kg N ha -1 and declined to 7.7 kg N ha -1 in 2008. During this period, corn yields and N harvested in the corn increased more than fertilizer plus manure N had been applied to corn, which resulted in more efficient utilization of agricultural N, even after accounting for a decline in the N concentration in harvested corn. , and declined by about 2.0 Gg N yr -1 from 2010 to 2012 (Fig. 5) . On average, the MWRDGC nitrate-N discharge represented about 12.5% of the nitrate-N carried in the river but was as high as 36% during low flow years and as low as 6.5% during years with high flow and high nitrate-N flux.
Discussion
The trends in concentration and load we examined are similar to those in Markus et al. (2014) , who reported no significant trend in nitrate-N loads in the Illinois River at Valley from 1976 to 2010 but noted a downward trend in flow-weighted nitrate-N concentration from the early 1990s to 2010. The effects of the 2012 drought on nitrate-N concentration appear to have been limited to 2013 because the 2014 concentration was the lowest since 1976. Jones et al. (2016) also reported a significant decline in AprilJuly nitrate-N concentrations from 1999 to 2014 in 9 of 41 stream locations in Iowa and no significant trend in loads. This occurred despite an increase in N fertilizer application, increased area planted to corn, and a decline in fertilizer use efficiency. Nitrate-N loads were correlated with precipitation, which was highly variable ( Jones et al., 2016) .
Although correlations do not prove causation, our results suggest that annual nitrate-N loads in the Illinois River are sensitive to hydrology, multiyear RAN, and nitrate-N discharges from the MWRDGC. The decline in flow-weighted nitrate-N concentrations after 1990 occurred at the same time that N fertilizer and manure use in corn production was becoming more efficient as reflected in the reduction of RAN and CRAN 6 . Murphy et al. (2013) suggested that improved conservation may have led to the declining nitrate-N concentrations they documented in the Illinois River. Other than better alignment of N fertilizer application rates with corn N needs, it is difficult to document specific conservation practices. To our knowledge, there is no evidence of widespread adoption of other conservation practices that target and reduce nitrate loss in this basin, such as the use of winter cover crops, treatment wetlands, or drainage water management. We believe that relatively constant N fertilization rates combined with steadily increasing corn yields have improved N use efficiency and likely contributed to the nitrate-N concentration declining in the Illinois River.
The significance of the 6-yr cumulative agricultural N budget may reflect a combination of fast and slow hydraulic pathways (tile flow and shallow groundwater flow, respectively). Jaynes (2015) reported excess N fertilizer to a tile-drained field in Iowa increased nitrate-N in tile drainage water for at least 4 yr after application (monitoring was concluded after 4 yr), although the greatest increase occurred 6 mo to 2 yr after application. Transport characteristics of nitrate-N are similar to chloride. reported that annual chloride concentrations in two small tile-drained watersheds in central Illinois were significantly correlated with chloride inputs during the previous 2 to 6 yr. The Illinois River Basin includes areas without tile drainage, primarily in the western side of the basin, and these areas are expected to deliver nitrate-N through groundwater discharge, which is a slower pathway than tile flow. Nitrate yields from these areas are generally much lower than from tile-drained watersheds (McIsaac and Hu, 2004; Hong et al., 2013) and therefore would have less impact on the magnitude of nitrate loads in the Illinois River.
The residence and transport times for nitrate-N in the watershed reaching the watershed outlet at Valley City are likely to be influenced by rates of precipitation and drainage. Residence times are likely to be longer during dry periods and shorter during wet periods (David et al., 1997) . This may be illustrated by the differences between the watershed response to the 1988 drought and the 2012 droughts. The 1988 drought reduced crop yields, which led to the highest RAN of the study period (41.8 kg N ha -1
). In 1989, the flow-weighted nitrate-N concentration was only slightly above average, but riverine nitrate-N loads were the fourth lowest of the study period because the water discharge was the lowest of the study period. The timing of rainfall in 1989 was favorable for crop production, which led to a low RAN, but there was little drainage water to transport the RAN to the river. Much of the 1988 and 1989 RAN remained stored in the watershed. In 1990, water discharge was near the 1976-2014 average and had the highest flow-weighted nitrate-N concentration of the 1976-2014 study period.
The 2012 drought led to a RAN of 37.4 kg N ha -1 and was followed in 2013 by watershed drainage that was slightly above the 1976-2014 average, with moderately high nitrate-N concentrations and loads that were only slightly above average. Thus, the timing of the nitrate-N appearance at Valley City can vary depending on the quantity of drainage water transporting the nitrate. Van der Velde et al. (2010) demonstrated this for a small tile-drained catchment in The Netherlands.
The variable CRAN 6 estimates the residual agricultural N that may remain in the soils and groundwater of the basin from the previous six growing seasons after taking into account the nitrate-N exported in river discharge in the previous 5 yr. It does not account for denitrification losses, which are impossible to estimate at a large scale. This approach may not be successful in other basins where denitrification has a greater influence on nitrate-N export. Furthermore, calculating CRAN over a different number of years may be more appropriate in basins with different hydrologic throughput and pathways. Nonetheless, this and similar studies using relatively simple N budgets can provide plausible explanations for the causes of variations in nitrate-N concentrations and loads. These budgets and more mechanistic models could likely be improved by more accurate data on the quantities and timing of N fertilizer applications.
Nitrate-N discharged from MWRDGC (and possibly other urban point sources) was relatively steady from 1991 to about 2005. An increase from 2005 to 2009 may have contributed to increased flux at Valley City. Since 2009, nitrate-N discharges from MWRDGC decreased, whereas CRAN 6 has remained relatively low. Thus, a combination of reduced inputs from point sources and nonpoint sources appears to have contributed to the decline in concentrations after 2009.
The negative correlation between November river discharge and annual nitrate-N loads may be due to greater rainfall during the fall causing delays in harvesting and fall N fertilizer application. This would result in less N fertilizer application during the fall and lower riverine nitrate-N concentrations in the spring, as discussed in Gentry et al. (2014) , who examined nitrate loads from two smaller tile-drained, corn-soybean watersheds in east central Illinois that do not drain to the Illinois River. Jaynes (2015) also demonstrated that shifting fertilizer application timing from the fall to the spring reduces nitrate-N concentration in tile drainage and increases nitrate-N uptake by corn.
The ultimate goal of the Illinois Nutrient Loss Reduction Strategy is to reduce nitrate-N loads in all rivers by 45% from the 1980-1996 baseline loads, with an intermediate milestone of reducing loads 15% by 2025 (IEPA, 2015) . Despite the lack of a recent downward trend in nitrate-N load in the Illinois River at Valley City, the 2010-2014 average load was 96,700 Mg N yr Our results suggest there will be a further decline in the average annual nitrate-N loads in the Illinois River at Valley City if (i) future river flows return to the 1975-2005 average, (ii) urban discharge rates remain steady or decline, and (iii) residual agricultural N values are maintained below about 20 kg N ha -1 . However, if future river discharges continue to be greater than the long-term average, this will likely lead to shorter residence times of nitrate-N in the watershed and possibly greater loads of riverine nitrate-N from fertilizer and mineralized from soil organic N. Meeting nutrient loss reduction goals with higher average precipitation and river discharge may require greater conservation efforts than estimated in the Illinois Nutrient Loss Reduction Strategy (IEPA, 2015) .
